As the Earth is often referred to as the "blue planet", when observed from outer space, over 70 percent of Earth's surface is covered with water. However, water resources that support our lives do not come not from the ocean but from freshwater falling on the land from the atmosphere such as rain or snow. In addition, it is said that about 60% of natural disasters are caused by heavy rains or floods, which are brought by excessive rainfalls or snowfalls (what they call precipitation). Precipitation has two aspects-one being the precious resources that support our lives, and the other being a "dangerous disaster factor". By using satellites, Global Precipitation Measurement (GPM) intends to observe the precipitation distribution on a global scale that has a large impact on our lives.
The GPM core satellite has precipitation radar that enables three-dimensional observation of the precipitation, and the microwave radiometer that observes the water vapor, cloud, precipitation, and sea surface temperature, etc., by measuring the feeble microwave band radio emitted from the earth surface and atmosphere. With the core satellite and subsatellite that has a microwave radiometer (Figure 1) , the GPM creates a precipitation map at intervals of three hours using combinations of all the constellation observations which frequently measure global rain condition in high precision, and other meteorological data. Precipitation radar plays a role to achieve high precision by measuring the precipitation distribution in detail resolved in the height direction. On the other hand, while microwave radiometer provides the only two-dimensional measurement, it can observe more extensively and plays a role to frequently create a precipitation map.
The GPM core satellite is a satellite jointly developed by Japan and the United States and launched with the H-IIA Launch Vehicle No. 23 on February 28, 2014. The satellite is equipped with Dual-frequency Precipitation Radar (DPR), which is jointly developed by NICT and Japan Aerospace Exploration Agency, and GPM Microwave Imager (GMI) developed by the National Aeronautics and Space Administration (NASA). The main role of the core satellite is to improve the observation accuracy by calibrating the observed precipitation data of microwave radiometers mounted on constellation of satellites, which is achieved by observing the precipitation condition simultaneously with two sensors, microwave radiometer and radar (Figure 2 ). For the orbit of the GPM core satellite, the angle of inclination is 65 degrees, and it observes from the tropics to middle and high latitudes. In addition, due to the non-sunsynchronous orbit, it can observe diurnal cycle of precipitation. The satellite circles the earth 15 to 16 times a day, in about 90 minutes per orbit, and observes the precipitation condition.
Dual-frequency Precipitation Radar (GPM/DPR) is a precipitation radar installed on the GPM core satellite, and a successor of the world's first TRMM Precipitation Radar, which is installed on Tropical Rainfall Measuring Mission (TRMM) launched in 1997. The TRMM/PR is still operational in orbit today. It realized the observation of precipitation distribution in the tropics with homogeneous precision regardless of land and sea, and also observed the threedimensional precipitation distribution inside an early typhoon on the sea, which cannot be observed by ground based radars. TRMM/PR has brought such new knowledge that contributes to the understand ing of the global climate mechanism. One of the major roles of DPR is to expand the ability of TRMM/PR-from the tropics to middle and high latitude. To achieve this, the GPM/DPR consists of two radars using different frequencies; Ku-band radar and Ka-band radar. By using dual-frequency and the difference of the scattering and attenuation in frequencies by precipitation, the radar enables the improvement of the accuracy of precipitation intensity estimation, and identifies the types of precipitation (liquid type such as rain or solid type such as snow). Then the radar observes the precipitation of middle and high latitude capturing various details. Table1 shows the specification of GPM/DPR and TRMM/PR. KuPR is improved version of TRMM/PR, which enables the higher sensitivity with the increase of transmit power. KaPR has 2 observation modes. One is the high sensitivity mode using Ka-band, which uses short wavelength, and the other is the high accuracy mode that enables the high accuracy of precipitation intensity estimation by attenuation correction with dual frequency algorithm, which simultaneously starts the measurement of the same observation volume with KuPR. Figure 3 is the example of observed images taken in the initial check-out period. At around 22:39 on March 10, 2014, the GPM core satellite observed a mature extra-tropical cyclone on the sea about 2,000 km east of Japan. It appeared above Okinawa offshore, and went to northeast direction in the south coast of Japan. In the evening of March 10, its central pressure became 976 hPa (equivalent to barometric pressure of a typhoon). The pressure distribution in Japan was high barometric pressure to the west and low pressure to the east, a typical atmospheric pressure pattern in winter, and resulted in a cold winter day even though it was March, and triggered heavy snow in Hokkaido. Figure 3 shows the intensity of the rain, the left figure shows horizontal cross-section of rain intensity at the ground surface. The right side figures show the vertical cross-section of zonal heavy rain area, which stretches from the northwest to the southeast near the extratropical cyclone center, indicated from the point A to the point B on the left side figure. The top right figure is the observation result of KuPR. It shows the tendency that the height of strong echo (red) located in 250-700 km from the point A becomes lower toward the A point in the north. The observation result of KaPR in the bottom right shows the same tendency but the echo becomes weak (from yellow to green) at lower latitude near the ground surface. This difference is because the rain echo of Ka-band was more attenuated than that of Ku-band, shown as the height of rain becomes lower toward the north. In addition, this rain echo pattern indicates that it was snowing within the 200 km from the point A.
The initial check-out period is scheduled from March to April of 2014. After that, DPR will start the regular operation from May 2014. By carrying out the external calibration experiment of DPR, NICT will monitor the performance of the radar and secular change and conduct the ground validation of the data observed by DPR and of the algorithm of precipitation rate estimate. The direct validation of the observation data will be conducted with simultaneous observation by the C-band weather radar (nicknamed COBRA), which is installed in NICT Okinawa Electromagnetic Technology Center, and by Phased Array radar Network Data system (PANDA) for X band, a system completed in March 2014. Also, the validation of the algorithm will be carried out with balloon observation with the aim to observe the precipitation particle inside of the melting layer where snow or ice melts into raindrops in detail (Figure 4 ).
Atmospheric phenomena have become a popular topic: greenhouse gases such as carbon dioxide, air pollutants such as PM2.5, tornadoes, and heavy rains. LIDAR (LIght Detection And Ranging) is one of the devices that measures these atmospheric phenomena and atmospheric components. Lidar sends pulse laser light to the atmosphere and receives backscattering from atmospheric molecules, airborne particles (aerosol), and clouds ( Figure 1) . The distance to the scattering matter is calculated from the time difference between the transmission and detection of the pulse laser light. Lidar is also referred to as the laser radar, which means a kind of radar using laser light. Lidar can measure aerosols such as Asian dust, air pollution particles (such as PM2.5), pollen, sea salt particles, smoke; and it can also measure the clouds, wind, and carbon dioxide, etc.
You can estimate the types of scattering particles and the altitude distribution of aerosol and cloud by the intensity distribution of received light, polarization, and wavelength dependence. Such lidar devices are called Mie lidar (lidar that measures the scattering of particles larger than or comparable to the wavelength of the laser light where Mie theory is applied), and are installed around the world including polar regions for atmospheric observations. NICT started monitoring observation of air pollutants such as PM2.5 by installing a Mie lidar in Fukuoka in Kyushu a region susceptible to the air from Asia for atmospheric environment measurement in the spring of 2014. This lider has a spectrometer on the receiver so it can measure the fluorescence from the organic matter. Obtained data is expected to be used for research about the nature and source of air pollutants, and the improvement of the accuracy of diffusion prediction.
When the laser light is backscattered by the aerosol or cloud moving with the air, the frequency change occurs due to Doppler shift. NICT has been conducting R&D of coherent Doppler lidar that measures the wind velocity by measuring the frequency change. Figure 2 shows the overview of wind observation by coherent Doppler lidar developed by NICT and installed on NICT headquarters building roof. The coherent Doppler lidar is set in a container. The laser light is sent from the scanner installed on the top of container and is backscattered by aerosol, and the lidar receives it through the same scanner. The laser we developed emits light at eye-safe wavelength of 2 μm and you can transmit it in any directions by the scanner. Since the laser light never spreads unlike radio waves, it is not necessary to worry about the extra reflection from the earth's surface even in case of near-surface measurement. Figure 3 shows the example of the observed wind distribution by the device. It shows the horizontal wind distribution by the azimuthal scan in an elevation angle of 2 degree. The lidar device is at almost the center of the map and it observes wind components of each direction centered on the device. The directions with no data are the area where the device can not make measurement because of obstacles. In addition to the average flow of the south-southwest, there are also fine structures of wind shown with light and shade of around 1 km. With such observation, we would like to capture the status of gust wind and the precursor of heavy rains.
In March 2014, we installed phased array weather radar-Doppler lidar sensor fusion system in bases of NICT in Okinawa (Figure 4 ) and Kobe. Doppler lidar works in conjunction with phased array weather radar and other meteorological devices, etc. and is a part of the space meteorological data acquisition experiment system. We believe that demonstration research by such experiment system will become the foundation of the future meteorological observation system.
In addition, we are promoting the development of on-board coherent Doppler lidar for aircraft. We expect that the observation of the wind distribution around the Japanese Islands with the lidar mounted on the aircraft will contribute to the improvement in such as route prediction of typhoon and weather forecast.
Since there are absorption lines of water vapor and carbon dioxide in the wavelength range used for NICT's coherent Doppler lidar, it can be used to measure water vapor and carbon dioxide. Currently, the lidar device that NICT developed can observe carbon dioxide concentration up to 5 km away with approximate 1% (4 ppm) accuracy. However, the observation accuracy that is currently required is about 0.3%, so we need more accuracy with less observation time.
In addition, we would like to contribute to the improvement of the world weather forecast by mounting coherent Doppler lidar on a satellite and having observation of the wind distribution all over the world.
Through R&D of observation devices that is more stable and more efficient, we will make it possible to observe wind and carbon dioxide from the earth's surface and the space further and more efficiently. This will contribute to the weather hazard prediction and global environmental protection.
The importance of deep-ultraviolet (DUV) light with 200-350 nm wavelength has been increasing in various fields from information, electronic devices to safety and sanitary environment, medical application, such as high-density optical data storage, disinfection of bacteria and viruses, purification of water and air, biosensing, biological and materials analysis, photolithography, prevention of nosocomial infection, and photodynamic therapy. It's becoming an important infrastructure that supports our society. For deepultraviolet light sources, gas light sources such as mercury lamps and excimer lasers has been conventionally used. However, the gas light source is short-lived, large in size and requires large power consumption. For such reasons, replacing it with semiconductor solid state light source, which is small in size and power consumption, has been much needed. In addition, as typified by the adoption of Minamata Convention on Mercury in last year, global efforts have been accelerated to reduce or eradicate harmful substances to the human body or environments such as mercury and fluorine. Therefore, the application of deep-ultraviolet light-emitting diodes (DUV-LEDs) with low environmental impacts, high efficiency and long life is strongly desired (Figure 1 ).
Under these circumstances, the R&D of DUV-LEDs has been very active all over the world. Although the recent performance has been greatly improved, the further improvement in efficiency is necessary for the practical use. The R&D of DUV-LEDs by NICT was adopted as A-STEP (Adaptable and Seamless Technology Transfer Program through Target-driven R&D), the stage for promotion of industry-academia collaborative R&D (feasibility study stage), Seeds Validation. NICT has been engaged in the full-fledged R&D with the aim to apply DUV-LEDs in cooperation with a company, which has been conducting joint research with NICT since December 2013. In this article, we will introduce our efforts towards the efficiency improvement of DUV-LEDs and its application such as the development of significant enhancement technologies in lightextraction efficiency by making use of nanophotonic structures.
DUV-LEDs consist of AlGaN-based semiconductors of the direct transition type. Varying the mole fraction of AlN and GaN enables AlGaN-based DUV-LEDs to emit the light with almost full DUV range (210-365 nm). In semiconductor LEDs, if there are highdensity defects in the crystal, the electron-hole pairs generated by injection current can easily be changed into the heat through defects without light emission. In AlGaN-based DUV-LEDs, since 10 8 cm -2 or more of high-density defects (dislocations) occur on the active layer (Figure 2 (a) ) due to the large lattice mismatch in commonly used sapphire (Al2O3) substrates, there has been issues of the low internal quantum efficiency and the short lifetime. However, the recent progress of R&D of buffer layer technology and AlN substrates in several groups has brought the significant improvement on these issues. NICT has been conducting R&D of DUV-LED using AlN single crystal substrates in cooperation with Tokuyama Corporation. Since it is possible to reduce the defects (reduction of dislocations) such as less than 10 6 cm -2 with DUV-LEDs 
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The current biggest factor that inhibits the efficiency improvement in DUV-LEDs is the problem of the very low light-extraction efficiency. This is a particular problem of DUV-LEDs. It is difficult to extract the light due to the internal absorption in the p-type GaN contact layer and the total reflection at the substrate interface. Therefore, most of the light emitted in the active layer change into thermal energy (Figure 2(a) ). Especially, with AlN single crystal substrates, since the refractive-index is large (n = 2.29 @265 nm) compared to sapphire's, the critical angle get small (25.9 degrees). Thus, you can extract the only small amount of light. The results of theoretical calculation by 3D finite-difference time-domain (3D-FDTD) method, with absorption in p-type GaN layer considered, showed that the efficiency of light extraction from the flat surface (light extraction surface) of AlN substrates was just only about 4%. In other words, this problem is the main cause of very low external quantum efficiency in DUV-LEDs. With that being said, the improvement of DUV-LEDs depends on how to improve the lightextraction efficiency.
The biggest issue preventing performance improvement and practical application of DUV-LEDs is their limited light-extraction efficiency. Currently, we have achieved the highest light-extraction enhancement of DUV-LEDs on AlN substrates in the world. We achieved the high light-extraction efficiency with the reduction of total internal reflection on AlN substrates by proposing and developing new light-extraction structure. The remarkable enhancement of light-extraction is caused by the multiplier light enhancement effects of periodic convex structures at the wavelength scale and smaller fine round convex structures (Figure 2(b) ). Not only improvement of the light-extraction efficiency but light output uniformity between devices, manufacture cost, and yield rate are also considered in this unique structure. We achieved the fabrication of light-extraction nanophotonic structures with high precision and high uniformity for DUV-LEDs on AlN substrates. When compared to the devices without the nanophotonic structures, the relative emission intensities of DUV-LEDs recorded with the structures were as high as 1.7 or more (Figure 3) . Also, the standard deviations of enhancement between devices were less than 0.03, and we highly achieved the reduction of the dispersion of output power between devices, which is essential for practical use. In fact, we fabricated a prototype of 265 nm DUV-LEDs in collaboration with Tokuyama Corporation and achieved the output power of more than 30 mW. And furthermore, for the reliability measurements, the lifetime for the 50% power reduction at 150 mA was estimated to be over 6,000 hours in 265 nm DUV-LEDs.
These results are expected to bring significant progress toward the improvement of efficiency and reliability, and the practical use of DUV-LEDs. In the future, using nanophotonic structure, we will further improve the light-extraction efficiency and develop the mass production and low cost technology such as nano-imprint technology. By these technologies, we will develop DUV-LEDs that has a high competitive advantage in both performance and cost.
The industrial uses of DUV-LEDs in various fields are expected, and there is a chance that the LED grows into a huge market. Ultimately, by the realization of mercury-free, ultra-compact, highly efficient, and long lifetime DUV solid light sources opening the possibility of new DUV applications, we would like to contribute to build lively, safe and secure and environmentallyfriendly society.
